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Abstract

Objective: Retrograde trans-synaptic neuroaxonal degeneration is considered a

key pathological factor of subclinical retinal neuroaxonal damage in multiple

sclerosis (MS). We aim to evaluate the longitudinal association of optic radiation

(OR) lesion activity with retinal neuroaxonal damage and its role in correlations

between retinal and brain atrophy in people with clinically isolated syndrome

and early MS (pweMS). Methods: Eighty-five pweMS were retrospectively

screened from a prospective cohort (Berlin CIS cohort). Participants underwent

3T magnetic resonance imaging (MRI) for OR lesion volume and brain atrophy

measurements and optical coherence tomography (OCT) for retinal layer thick-

ness measurements. All pweMS were followed with serial OCT and MRI over a

median follow-up of 2.9 (interquartile range: 2.6–3.4) years. Eyes with a history

of optic neuritis prior to study enrollment were excluded. Linear mixed models

were used to analyze the association of retinal layer thinning with changes in OR

lesion volume and brain atrophy. Results: Macular ganglion cell-inner plexiform

layer (GCIPL) thinning was more pronounced in pweMS with OR lesion volume

increase during follow-up compared to those without (Difference: �0.82 μm
[95% CI:-1.49 to �0.15], p = 0.018). Furthermore, GCIPL thinning correlated

with both OR lesion volume increase (β [95% CI] = �0.27 [�0.50 to �0.03],

p = 0.028) and brain atrophy (β [95% CI] = 0.47 [0.25 to 0.70], p < 0.001).

Correlations of GCIPL changes with brain atrophy did not differ between

pweMS with or without OR lesion increase (η2p = 5.92e�7, p = 0.762). Interpre-

tation: Faster GCIPL thinning rate is associated with increased OR lesion load.

Our results support the value of GCIPL as a sensitive biomarker reflecting both

posterior visual pathway pathology and global brain neurodegeneration.

Introduction

Multiple sclerosis (MS) is an immune-mediated disease of

the central nervous system (CNS). The dysregulated immune

system in MS results in CNS inflammation and subsequently

leads to neuroaxonal damage and degeneration.1 The afferent

visual pathway is highly susceptible to MS damage, making it

a promising region of interest to understand the course of
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neuroaxonal degeneration in MS.2,3 Each individual compo-

nent within the visual pathway, including the retina, optic

nerves, lateral geniculate nucleus, optic radiation (OR), and

primary visual cortex, has been investigated as a possible

region to measure disease activity in MS clinical trials.3,4

Frequently occurring inflammation of the optic nerve

(optic neuritis [ON]) can lead to progressive retinal ganglion

cell (RGC) axonal or neuronal loss.5 The damage of RGCs

following an episode of ON is well-known, and evidenced by

optical coherence tomography (OCT) derived retinal

measures.6,7 These OCT measures have also been considered

biomarkers of disease activity for those without a clinical his-

tory of ON.6,7 Nevertheless, the exact mechanism of this

pathological process remains unclear, where a multitude of

hypothetical pathophysiological processes, including subclin-

ical inflammation of the optic nerve and primary retinal

MS-related pathology or trans-synaptic neurodegeneration,

has been previously discussed as candidate theories.8–10

Recent studies have suggested a retrograde trans-synaptic

axonal degeneration hypothesis, which refers to degeneration

of neurons in the posterior visual pathway spreading via the

synaptic cleft of thalamic lateral geniculate nucleus further

up-stream to optic nerve fibers and RGC neurons, as one of

the key drivers of subclinical retinal neuroaxonal damage.

This hypothesis was supported by a significant correlation

between OR white matter MS pathology and retinal thinning

both cross-sectionally and longitudinally.9,11,12 The findings

were found to be mainly driven by inflammatory T2 lesions

localized within the OR region. However, this observation

has yet to be confirmed in people with clinically isolated syn-

drome (CIS) or early MS (pweMS).13 Further data showing

the association of visual pathway injury with increased brain

atrophy could also support the idea of using retinal imaging

outcomes as complementary measures to magnetic reso-

nance imaging (MRI).14–17

In this study, we explore the longitudinal association of

RGC neuroaxonal loss, as evaluated by peri-papillary retinal

nerve fiber layer (pRNFL) and macular ganglion cell-inner

plexiform layer (GCIPL) thinning, with increased OR lesion

load and brain atrophy. We hypothesized that: (1) pweMS

with increasing OR lesion volume will display accelerated

thinning of pRNFL or GCIPL compared to pweMS with sta-

ble OR lesions, (2) higher OR lesion volume is associated

with homonymous hemi-macular GCIPL thinning, and (3)

the association of brain atrophy and retinal thinning will be

detected in pweMS with OR lesion activity.

Methods

Study design

We retrospectively screened pweMS from a longitudinal

observational study (Berlin CIS cohort: ClinicalTrials.gov

Identifier: NCT01371071) conducted at the NeuroCure

Clinical Research Center, Charité – Universitätsmedizin

Berlin. All pweMS underwent annual follow-up visits for

clinical examination, retinal OCT, and brain MRI scans.

The study was approved by the institutional ethics com-

mittee of the Charité – Universitätsmedizin Berlin (EA1/

182/10) and conducted in accordance with the current

applicable version of the Declaration of Helsinki. All par-

ticipants provided written informed consent. Criteria for

inclusion into the analysis were (1) time since first clinical

manifestation of less than 2 years at baseline, (2) a con-

firmed diagnosis of early relapsing–remitting MS (RRMS)

according to the 2017 McDonald criteria18 or a mono-

phasic episode suggestive of CNS inflammatory demyelin-

ation not meeting the 2017 McDonald criteria for RRMS,

(3) baseline age ≥ 18 years, and (4) follow-up duration

of at least 2.5 years. PweMS with (1) prior ON in both

eyes, (2) refractive errors greater than �6 diopters, or (3)

a history of other neurological or ophthalmological disor-

ders unrelated to MS affecting the OCT analysis were

excluded.

Optical coherence tomography

Retinal OCT was acquired using a Spectralis spectral domain

OCT machine (Heidelberg Engineering, Heidelberg, Ger-

many). The GCIPL thickness was calculated from a macular

volume scan, and the pRNFL thickness was measured

through a peri-papillary ring scan. Scanning protocols and

details of the segmentation methods were described

previously.19,20 All OCT scans were quality controlled fol-

lowing the OSCAR-IB criteria, segmentations of the retinal

layers were manually reviewed, and data were reported in

accordance with the APOSTEL recommendations.21,22 Only

eyes without a history of ON prior to study enrollment and

no further ON attacks during follow-up were included.

Magnetic resonance imaging (MRI)
acquisition

MRI was performed for all participants using two 3T scan-

ners (Tim Trio, Siemens, Erlangen, Germany). The MRI

protocol included a 3D T1-weighted (T1w) magnetization

prepared rapid acquisition gradient echo (MPRAGE)

sequence (TR/TE/TI = 1900/2.55/900 ms, 1 mm isotropic

resolution) and a 3D T2-weighted (T2w) fluid-attenuated

inversion recovery sequence (FLAIR) (TR/TE/TI = 6000/

388/2100 ms, 1 mm isotropic resolution) of the brain.

MRI analysis

For each participant, T2w FLAIR images were co-

registered with T1w MPRAGE images, in which each
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follow-up MPRAGE was co-registered to the baseline

MPRAGE in Montreal Neurological Institute (MNI) space

using FMRIB’s Linear Image Registration Tool from

FMRIB Software Library (FSL version 5.0.9).23 Whole-

brain T2w lesion masks were manually segmented from

co-registered FLAIR scans using ITK-SNAP (www.itksnap.

org) by two MRI technicians (over 10 years of MS

research experience).24 MPRAGE scans were lesion-infilled

using FSL lesion filling algorithm25 after extracting white

matter whole-brain masks using CAT12 (https://neuro-

jena.github.io/cat/). The templates of left and right OR

were extracted from the Jülich probabilistic atlas26 pro-

vided by FSL with lower thresholds of 20% probability,

defined by visual assessment of expert rater, to create a

binary mask of both ORs in the standard MNI space. We

then used FMRIB’s nonlinear image registration tool

(FSL-FNIRT) from FSL (version 5.0.9) to nonlinearly reg-

ister the MNI-152 standard brain to the individual

MPRAGE of each subject. Subsequently, we used the

resulting warp files to nonlinearly register the binary OR

masks from MNI space onto the corresponding T1w

MPRAGE to create binary OR masks for each subject’s

individual T1w MPRAGE. Finally, binary OR atlas masks

that were warped to the subject’s individual T1w

MPRAGE were used to extract OR lesions from whole-

brain T2w lesion masks that were already co-registered to

T1w MPRAGE for initial lesion segmentation. Lesion

counts and volumes were calculated using FSL cluster and

fslmaths. Brain atrophy was estimated using the percent-

age brain volume change (PBVC) calculated at each

follow-up visit MPRAGE compared to the previous visit

MPRAGE using the SIENA pipeline (FSL version 5.0.9).27

Statistical analysis

We separated the cohort into two groups based on the

presence (ORL+) or absence (ORL�) of new or enlarging

OR lesions at the 3-year follow-up. The third-year follow-

up for all pweMS fell within the time frame of 2.5 to

3.5 years. Due to the lack of a standard definition for OR

lesion enlargement, we considered a 10% volume increase

for classification.28 Group comparison of demographics

and clinical characteristics at baseline were performed

using Student’s t-test, chi-squared test or Wilcoxon rank-

sum test depending on the distribution of the variables.

Cross-sectional and longitudinal association of OCT

measures with OR lesion counts and volume and PBVC

were analyzed using linear mixed effect models (LMM)

(OR lesion measures or PBVC + age + sex + receiving

DMT before study inclusion + disease type as fixed effects

with random subject intercepts). OR lesion counts and

volume (baseline, annualized change and total change at

3-year follow-up) were log transformed to meet the

normal distribution assumption in parametric analyses.

To evaluate the ORL+ and ORL� group differences con-

cerning the association between retinal layer thickness

changes and PBVC, we further conducted interaction ana-

lyses and reported the interaction effect size with partial

eta-squared (η2p). The results of correlation analyses were

reported using the standardized regression coefficient (β)
and 95% confidence interval (CI).

In longitudinal analyses, LMM were used to study the

group differences in the course of retinal layer thickness

changes over time (interaction between time since base-

line and group as fixed effects, along with random subject

and eye-specific intercepts and time since baseline as ran-

dom slopes). Data at every follow-up visit were included

for this longitudinal analysis.

For all models, the statistical significance was set at p-value

of less than 0.05. Because our analyses followed predefined

hypotheses and only included OCT measures relevant for

retinal neuroaxonal degeneration, no correction for multiple

comparisons was performed. All statistical analyses were

performed in R version 4.2.0 (R packages: lme4, lmerTest,

ggpubr, ggplot2, effectsize, and emmeans).29 Continuous

variables are presented as either mean with standard devia-

tion (SD) or median with interquartile range (IQR), as

applicable.

Results

Cohort characteristics

From 166 pweMS screened, 76 were not followed for

more than 2.5 years and five had a history of ON in both

eyes (see flow chart in Fig. 1). After screening, 85 pweMS

(137 non-ON eyes) with a median follow-up of 2.9 years

(IQR: 2.6 to 3.4 years) were eligible for inclusion. Sixty-

three (74.1%) participants fulfilled the 2017 McDonald

MS diagnostic criteria for relapsing–remitting MS

(RRMS)18; the remaining 22 (25.9%) participants were

classified as CIS.

Upon study enrollment, 75 (88.2%) pweMS presented

detectable OR lesions, while 10 (11.8%) did not. Over the

course of 3-year follow-up, 58 (68.2%) participants

showed new or enlarging OR lesions (ORL+ group), of

which 53 (91.4%) already had OR lesions at baseline.

Among the remaining 27 (31.8%) pweMS without new

OR lesion activity (ORL� group) after 3 years, 22

(81.5%) had detectable OR lesions at baseline.

Demographic characteristics, including age, sex, time

since disease onset, relapse rate, and Expanded Disability

Status Scale, did not differ between ORL+ and ORL� par-

ticipants. However, a higher proportion of participants in

the ORL+ group had received disease-modifying therapies

(DMT) before study inclusion. Of the 85 pweMS
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included, 21 (24.7%) received DMT treatment at baseline.

Among them, 12 received DMT only at baseline, one

received the same DMT regimen again during the 3-year

follow-up, and eight received a second type of DMT (two

switched to high efficacy DMTs). Additionally, 32

(37.6%) pweMS received DMT only during follow-up.

Among these 32 pweMS, 28 received only one type of

DMT, and four received two different types of DMT

treatments throughout the study period (two switched to

high efficacy DMTs). Nevertheless, there was no signifi-

cant difference in DMT rates during the study between

the two groups (p = 0.377). At baseline, compared to the

ORL� group (44 eyes from 27 pweMS), the ORL+ group

(93 eyes from 58 pweMS) showed thinner pRNFL

(�5.53 μm [95% CI: �10.21 to �0.85], p = 0.023) and,

albeit not reaching statistical significance, thinner GCIPL

(�2.68 μm [95% CI: �5.45 to 0.10], p = 0.063). Addi-

tionally, the ORL+ group also exhibited higher baseline

OR lesion count and volume. (Table 1).

Baseline associations of OCT measures with
OR lesion volume

At baseline, higher OR lesion volume was associated with

both lower GCIPL thickness (β [95% CI] = �0.32 [�0.56

to �0.07], p = 0.013) and lower pRNFL thickness (β
[95% CI] = �0.28 [�0.50 to �0.05], p = 0.018). Similar

findings were also observed with OR lesion count

(GCIPL: β [95% CI] = �0.26 [�0.50 to �0.02],

p = 0.033; pRNFL: β [95% CI] = �0.26 [�0.51 to

�0.02], p = 0.031). However, there was no significant

difference in both GCIPL and pRNFL thickness between

participants with detectable OR lesions at baseline

(N = 75) and those without (N = 10) (p = 0.104 and

p = 0.075, respectively). Interaction analyses showed no

relevant inter-group difference between those with or

without DMT treatment before study inclusion

(Table S1).

Longitudinal associations of retinal layer
thinning with OR lesion volume change

The rates of retinal layer thinning during follow-up and

group comparisons by presence or absence of new or

enlarging OR lesions are shown in Table 2 and Figure 2.

Participants in both groups had decreasing GCIPL and

pRNFL thickness during follow-up (Table 2). In compari-

son with the ORL� group, the eyes from the ORL+ par-

ticipants exhibited faster, yet nonsignificant, thinning of

the GCIPL (�0.29 μm/year vs. �0.12 μm/year; annual

thinning rate difference: �0.17 μm/year [95% CI: �0.38

to 0.04], p = 0.134) and pRNFL (�0.52 μm/year vs.

�0.38 μm/year; annual thinning rate difference:

�0.13 μm/year [95% CI: �0.77 to 0.52], p = 0.707). At

3-year follow-up, the mean GCIPL decrease from baseline

was 0.98 � 1.42 μm in ORL+ participants compared with

Figure 1. STROBE flow chart. ON, optic neuritis; pweMS, people with early multiple sclerosis.
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0.13 � 1.39 μm in ORL� participants. Mean pRNFL

decrease from baseline to 3-year follow-up was

1.27 � 3.12 μm and 1.07 � 3.20 μm in ORL+ and ORL�

participants, respectively. When comparing both groups

in one model, the total GCIPL change in the eyes of the

ORL+ participants at 3-year follow-up was more pro-

found than those within the ORL� group (total differ-

ence: �0.82 μm [95% CI: �1.49 to �0.15], p = 0.018).

However, total pRNFL thinning did not differ between

the two groups (total difference: �0.21 μm [95% CI:

�1.43 to 1.01], p = 0.698). Considering there were more

pweMS in the ORL+ group who had received DMT

before study inclusion, we conducted a subgroup analysis

excluding those who were on DMT treatment at baseline

to reduce the impact of treatment effects (Table S2).

Compared to the ORL� group, more profound GCIPL

thinning was still observed in the ORL+ group.

Furthermore, we performed longitudinal analyses to

explore the relationship between rates of GCIPL and

pRNFL thinning with OR lesion volume change. A pro-

gressively increasing rate of GCIPL thinning was detected

with enlarging OR lesion volume (β [95% CI] = �0.27

[�0.50 to �0.03], p = 0.028). No clear relationship was

observed with pRNFL thinning (β [95% CI] = �0.02

[�0.18 to 0.14], p = 0.787) (Fig. 3). The effect size does

not statistically differ between those with or without

DMT treatments throughout the study period (Table S3).

Similar correlations were detected when taking the

Table 1. Demographics and clinical characteristics of study participants.

Entire cohort ORL+ ORL�
ORL+ vs. ORL�

p-value

Participants (N) 85 58 27 –
Eyes (N)1 137 93 44 –
Sex, F (%)/M (%) 55 (64.7%)/30 (35.3%) 37 (63.8%)/21 (36.2%) 18 (66.7%)/9 (33.3%) 0.796

Age at baseline (years)

Mean (SD)

34.3 (8.7) 35.0 (8.5) 32.9 (9.0) 0.347

Disease duration at baseline (months)

Median [IQR]

4.5 [2.9–5.7] 4.6 [3.0–5.7] 4.4 [2.9–5.6] 0.828

Previous DMT, N (%)

IFN 6 (7.1%) 3 (5.2%) 3 (11.1%) 0.031

GA 11 (12.9%) 11 (19.0%) 0 (0.0%)

DMF 3 (3.5%) 3 (5.2%) 0 (0.0%)

NT 1 (1.2%) 1 (1.7%) 0 (0.0%)

No treatment 64 (75.3%) 40 (69.0%) 24 (88.9%)

Ever treated with DMT, N (%)

Yes 53 (62.4%) 38 (65.5%) 15 (55.5%) 0.377

No 32 (37.6%) 20 (34.5%) 12 (44.5%)

Follow-up duration (years)

Median [IQR]

2.8 [2.6–3.5] 2.8 [2.7–3.5] 2.8 [2.5–3.0] 0.248

Presence of relapse during follow-up, N (%) 34 (40.0%) 23 (39.7%) 11 (40.7%) 0.924

EDSS at baseline

Median [IQR]

1.5 [1.0–2.0] 1.5 [1.0–2.0] 1.5 [1.0–2.0] 0.882

Disease Subtype, N (%)

CIS 22 (25.9%) 13 (22.4%) 9 (33.3%) 0.285

RRMS 63 (74.1%) 45 (77.6%) 18 (66.7%)

OR lesion count at baseline (N)

Median [IQR]

3 [1–7] 5 [2–9] 2 [0–4] <0.001

OR lesion volume at baseline (mm3)

Median [IQR]

144 [39–442] 201.5 [103–508.75] 35 [0–206] <0.001

pRNFL thickness at baseline (μm)

Mean (SD)

101.0 (10.1) 98.9 (9.7) 105.2 (10.0) 0.023

GCIPL thickness at baseline (μm)

Mean (SD)

71.3 (5.9) 70.5 (6.0) 73.0 (5.5) 0.063

CIS, clinically isolated syndrome; DMF, dimethyl fumarate; EDSS, Expanded Disability Status Scale; GA, glatiramer acetate; GCIPL, combined macu-

lar ganglion cell and inner plexiform layer; IFN, interferons; IQR, interquartile range; N, number; NT, Natalizumab; OR, optic radiation; ORL+, pres-

ence of new or enlarging optic radiation lesion at maximum follow-up; ORL�, absence of new or enlarging optic radiation lesion at maximum

follow-up; pRNFL, peri-papillary retinal nerve fiber layer; RRMS, relapsing–remitting multiple sclerosis; SD, standard deviation.
1Only non-ON eyes were included in the table.
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changes in retinal layer thickness and OR lesion volume

as annualized data (GCIPL: β [95% CI] = �0.31 [�0.55

to �0.06], p = 0.019; pRNFL: β [95% CI] = �0.09

[�0.31 to 0.10], p = 0.323).

Associations of OR lesion volume with
homonymous hemi-macular GCIPL thinning

To identify further evidence of trans-synaptic neurode-

generation, we examined the relationship between unilat-

eral optic radiation lesion volume and GCIPL thickness

in the ipsilateral eyes, as well as homonymous hemi-

macular GCIPL thinning (temporal quadrant of the ipsi-

lateral eye [ipsi-T] and nasal quadrant of the contralateral

eye [contra-N]).

At baseline, the unilateral OR lesion volume inversely

correlated with GCIPL thickness of the ipsilateral eye (β

[95% CI] = �0.20 [�0.36 to �0.05], p = 0.012). Unilat-

eral OR lesion volume was also associated with both ipsi-

T GCIPL (β [95% CI] = �0.21 [�0.38 to �0.04],

p = 0.015) and contra-N GCIPL (β [95% CI] = �0.21

[�0.38 to �0.03], p = 0.018). In terms of the counter

hypothesis, we did not detect a correlation between

higher unilateral OR lesion volume and lower contra-T

GCIPL (β [95% CI] = �0.04 [�0.21 to 0.13], p = 0.649),

but we did find a correlation with lower ipsi-N GCIPL (β
[95% CI] = �0.17 [�0.34 to �0.01], p = 0.031).

Longitudinally, pweMS with increasing OR lesion volume

showed ipsilateral GCIPL thinning (�0.26 [�0.43 to �0.09],

p = 0.004), as well as ipsi-T GCIPL thinning (β [95% CI]

= �0.21 [�0.40 to �0.02], p = 0.030) at 3-year follow-up.

There was no association with contra-N GCIPL thinning (β
[95% CI] = �0.05 [�0.23 to 0.13], p = 0.604), nor between

unilateral OR lesion volume enlargement and either

Figure 2. Changes of retinal layer thickness over time. Change of (A) GCIPL and (B) pRNFL in eyes of pweMS from the ORL+ (red) and the ORL�

(blue) groups over rounded time since baseline. GCIPL, combined macular ganglion cell and inner plexiform layer; ORL+, presence of new or

enlarging optic radiation lesion at maximum follow-up; ORL�, absence of new or enlarging optic radiation lesion at maximum follow-up; pRNFL,

peri-papillary retinal nerve fiber layer; pweMS, people with early multiple sclerosis.

Table 2. Course of retinal layer thinning after 3-year follow-up.

ORL+ ORL�
ORL+ vs. ORL�

Annualized thinning in retinal layer thickness, μm/year,

mean (SD)

Annualized thinning rate difference,

μm/year, mean (SD)

Total change difference at

3rd year follow-up, μm, mean (SD)

GCIPL �0.29 (0.06), p = 3.34e�5 �0.12 (0.08), p = 0.149 �0.17 (0.11), p = 0.134 �0.82 (0.34), p = 0.018

pRNFL �0.52 (0.22), p = 0.026 �0.38 (0.19), p = 0.052 �0.13 (0.33), p = 0.707 �0.21 (0.62), p = 0.698

GCIPL, combined macular ganglion cell and inner plexiform layer; ORL+, presence of new or enlarging optic radiation lesion at maximum follow-

up; ORL�, absence of new or enlarging optic radiation lesion at maximum follow-up; pRNFL, peri-papillary retinal nerve fiber layer; SD, standard

deviation.
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contralateral GCIPL (β [95% CI] = �0.12 [�0.30 to 0.06],

p = 0.175) or heteronymous hemi-macular GCIPL thinning

(contra-T: β [95% CI] = �0.18 [�0.36 to 0.01], p = 0.052;

ipsi-N: β [95% CI] = �0.09 [�0.28 to 0.09], p = 0.330).

Longitudinal associations of retinal layer
thinning with percentage of brain volume
change

After a 3-year follow-up, the mean PBVC compared to

baseline was �1.02% � 0.51% (p < 0.001). In the ana-

lyses of retinal layer thinning with PBVC during follow-

up, we found that PBVC was associated with changes in

GCIPL thickness (β [95% CI] = 0.47 [0.25 to 0.70],

p < 0.001), but not with pRNFL (β [95% CI] = 0.03

[�0.18 to 0.23], p = 0.808). The same conclusion can

also be drawn from the annualized data (results not

shown).

Lastly, to evaluate whether the association between

PBVC and GCIPL thinning was more evident in pweMS

developing new or enlarging OR lesions, we conducted

subgroup analyses between ORL+ and the ORL� group.

pweMS in both groups showed a significant association

between GCIPL thinning and PBVC, and interaction ana-

lyses showed no significant inter-group differences

(ORL+: β [95% CI] = 0.50 [0.18 to 0.82], p = 0.004,

ORL�: β [95% CI] = 0.46 [0.13 to 0.79], p = 0.029;

interaction effect: η2p = 5.92e�4, p = 0.762) (Table 3). The

Figure 3. Longitudinal association of retinal layer thickness change with OR lesion volume change at 3-year follow-up. Scatterplots showing

longitudinal correlation between total ΔOR lesion volume with (A) ΔGCIPL thickness and (B) ΔpRNFL thickness, and annualized ΔOR lesion

volume with (C) annualized ΔGCIPL thickness and (D) annualized ΔpRNFL thickness at maximum follow-up. GCIPL, combined macular ganglion

cell and inner plexiform layer; OR, optic radiation; pRNFL, peri-papillary retinal nerve fiber layer; SE, standard error; β, standardized estimate.
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association of pRNFL thinning with PBVC was still not

detectable in either group (Table 3).

Discussion

In the present study, we investigated longitudinal quanti-

tative changes of the RGC neuroaxonal damage in non-

ON eyes and their relationships with inflammatory lesions

localized within the OR regions in CIS and early MS. Our

results suggest that pweMS with new or enlarging OR

lesions had more progressive RGC neuroaxonal loss com-

pared to those without. Moreover, changes in OR lesion

volume and PBVC were associated with changes in

GCIPL but not with pRNFL thickness over time.

The clinical value and pathophysiological mechanisms

for RGC loss in non-ON eyes are under debate. Retro-

grade trans-synaptic degeneration theory has been sug-

gested previously as a potential causal mechanism

contributing to subclinical retinal neuroaxonal

degeneration.9,11,12 The effects of this pathway-specific

connection between progressive RGC degeneration and

OR lesions have been demonstrated in cross-sectional and

longitudinal studies that combined OCT and MRI investi-

gations in long-standing RRMS.11,12,30,31 However, very

few studies have investigated this hypothesis in CIS or

early MS disease stages.13

In a prior study, using the same atlas-based OR lesion

detection approach and targeting pweMS as in our study,

a correlation between pRNFL and GCIPL thickness and

OR lesion volume was only observed in 10 pweMS with

ON but not in 40 pweMS without ON.13 Therefore, it

was suggested that ON might be a compulsory prerequi-

site for trans-synaptic degeneration of OR lesions, arguing

against ON-independent mechanisms within the complex

pathological process occurring in the visual pathway.

However, the effect of RGC damage could solely be con-

tributed by ON and not from the posterior visual path-

way. Additionally, this study was limited by its purely

cross-sectional design and its relatively small sample size.

In contrast, our study only included eyes without a his-

tory of ON, and we discovered that pweMS with higher

OR lesion load had thinner GCIPL and pRNFL. Never-

theless, the cross-sectional evidence cannot identify the

causal relationship between first-order neurons and third-

order neurons in the afferent visual pathway.

After a 3-year follow-up, the mean GCIPL and pRNFL

thickness reduction from baseline in all pweMS was

�0.70 � 1.46 and � 1.12 � 3.14 μm, respectively. These

results are comparable to the changes reported in the

OCTiMS study, which included 333 pwMS with a mean

time since MS diagnosis of 7.28 � 5.75 years

(�0.39 � 3.10 and � 1.61 � 4.60 μm for GCIPL and

pRNFL thickness reduction over 3 years, respectively).7

When taking OR lesion activity into account, pweMS

who later developed new or enlarging OR lesions had a

thinner GCIPL and pRNFL at baseline and a higher rate

of inner retinal layer thinning over 3-year follow-up than

those without. Our observations are in agreement with a

prior study reporting that a more prominent temporal

pRNFL thinning can be detected in RRMS patients with

new OR lesional activity.11 These findings support the

hypothesis that the insidious injury of the retina can be

partially attributed to damage in the posterior visual

pathway.

Assessing the dynamic of OCT measures and OR lesion

volume, our data confirmed the association between the

longitudinal changes of the two measures. Intriguingly,

this finding is more robust for thinning of GCIPL than

pRNFL. This result supports the notion that GCIPL thick-

ness measures may be more reliable than pRNFL thick-

ness measures to reflect CNS radiologic disease activity.15

For instance, even though we excluded eyes with history

of ON, we cannot fully eliminate the possibility of sub-

clinical ON, which can still have microstructural changes

of the retina, particularly pRNFL swelling.32 The associa-

tion between GCIPL thinning and enlarging OR lesion

size seems to be weaker in the first year follow-up, lead-

ing us to hypothesize that the amount of retinal atrophy

in the early disease stage may not exceed the resolution

limitation of the OCT device. Nevertheless, looking at the

annualized changes, we still observed significant results.

Previous studies have described several cases of homon-

ymous hemi-atrophy of the GCIPL in non-ON eyes

Table 3. Association of changes in retinal layer thickness with

changes in brain volumes in subgroups of pweMS with and without

new OR lesions at 3-year follow-up.

ORL+ ORL�

ΔGCIPL thickness � PBVC

β (95%CI) 0.50 (0.18 to

0.82)

0.46 (0.13 to

0.79)

p-value 0.004 0.029

η2p for interaction with

PBVC, p-value

η2p = 5.92e�4, p = 0.762

ΔpRNFL thickness � PBVC

β (95%CI) �0.09 (�0.39 to

0.21)

0.24 (�0.13 to

0.61)

p-value 0.947 0.204

η2p for interaction with

PBVC, p-value

η2p = 0.03, p = 0.151

CI, confidence interval; GCIPL, combined macular ganglion cell and

inner plexiform layer; ORL+, presence of new or enlarging optic radia-

tion lesion at maximum follow-up; ORL�, absence of new or enlarging

optic radiation lesion at maximum follow-up; PBVC, percentage of

brain volume change; pRNFL, peri-papillary retinal nerve fiber layer;

pweMS, people with early multiple sclerosis; β, standardized estimate;

η2p, partial eta-squared.
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associated with posterior visual pathway inflammatory

injuries involving OR, lateral geniculate nucleus or visual

cortex.33–36 This relationship was observed not only in

pwMS with homonymous hemianopia, but also in those

with at least a certain degree of visual symptomatology.

To further investigate this relationship and determine

whether posterior visual pathway lesions showed good

localizing features on retina atrophy, we also evaluated

the correlation between homonymous hemi-macular

GCIPL thinning and OR lesions. Our cross-sectional data

showed an inverse correlation between unilateral OR

lesion volume and both temporal GCIPL thickness in the

ipsilateral eye and also the nasal GCIPL thickness in the

contralateral eye. However, the longitudinal association of

OR lesion volume enlargement with homonymous GCIPL

hemi-atrophy was only significant with temporal GCIPL

thinning on the ipsilateral side, but not with nasal GCIPL

thinning on the contralateral side. We speculated that

these unexpected findings may be due to possible influ-

ences of lesions in the contralateral OR. Nevertheless,

excluding pweMS with a contralateral OR lesion during

follow-up would have resulted in an insufficient sample

size. On top of that, there were only a few cases with a

link of homonymous hemi-macular thinning and inflam-

matory activities in the posterior visual pathway have

been reported, suggesting that this may not be a universal

finding in MS and requires larger studies with precise

localization of retrochiasmal lesions and exclude potential

bilateral contribution to elucidate the causal relation.

Lastly, a clear definition with sensitive thresholds for sig-

nificant hemi-macular thinning is warranted. Mitchell

et al.37 suggested using the ipsi-lesional and contra-

lesional GCIPL thickness difference with a normalized

asymmetry score, whereas Mühlemann et al.36 character-

ized it with a ratio lower than 0.9. A clear definition with

sensitive thresholds for significant hemi-macular thinning

is warranted.

Studies have shown cross-sectional and longitudinal

relationships between OCT measures and brain atrophy

previously.15,38–42 Our data confirmed and demonstrated

clear evidence of retinal layer thinning correlates with

decreasing PBVC also in pweMS. In accordance with pre-

vious studies, the association between brain atrophy and

retinal layer thinning was more prominent in GCIPL than

in pRNFL.15,43 This can be also explained by the con-

founding effect from potential subclinical micro-

inflammation. Although we exclusively selected eyes with-

out ON history at baseline and without ON attacks dur-

ing follow-up, the possibility of subclinical optic disc

swelling cannot be eliminated, hindering the interpretabil-

ity of pRNFL thinning.

In a study of 161 pwMS, Pulido-Valdeolivas et al.

reported that GCIPL thinning and whole-brain atrophy

were more prominent in the first 5 years after disease

onset, particularly in those with focal inflammatory

activity.43 Furthermore, the recent OCTiMS study, includ-

ing 333 pwMS, also described an association between per-

centage change of brain volume and change in GCIPL

thickness over 3 years.7 Therefore, we further analyzed

the contribution of focal lesion activity on the association

between retinal atrophy and brain atrophy. When looking

at the difference of OR lesion activity state, pweMS with

and without new lesion in the OR region both showed a

correlation between brain and retinal atrophy. This find-

ing suggests that tract-specific association and global neu-

rodegeneration may be two different pathophysiological

concepts, one with inflammatory and the other with

degenerative components. When evaluating brain atrophy

measures, we always have to eliminate the possibility of

pseudo-atrophy, a temporary decrease in brain volume

due to inflammation and swelling that does not reflect an

actual brain tissue loss.44,45 Our study had multiple

follow-ups to confirm the occurrence of significant brain

volume change.

We are aware of several limitations of our study.

Despite having a well-characterized cohort, one funda-

mental limitation arises from the monocentric and

homogenous study design. Additionally, with a limited

sample size of participants without OR lesions at study

inclusion, we could not compare the course of retinal

atrophy in those pweMS with the ones who already fea-

tured OR lesions at baseline. This also refrains us from

analyzing the impact of lesions outside the OR regions.

Future studies with a larger sample size and longer

follow-up under multicenter settings could corroborate

the validity of our findings. Furthermore, pweMS within

the ORL+ group have a higher rate of DMT treatment

compared to ORL� group, suggesting to be a potential

confounder. Even though further subgroup analyses

showed no significant difference between those with or

without treatment, the difference of treatment status

should still be taken into account when interpreting the

results. Lastly, there is no gold standard for OR lesion in

vivo assessment, causing the validity of OR lesions

reported herein to be limited regarding its true informa-

tive value. Without a consensus on the definition of new

OR lesion activity, the threshold used in the study is arbi-

trary. However, atlas template-based approaches, as it was

used in our study, are particularly suited to the semi-

automated analysis of large image datasets. They provide

equivalent informative value on lesion quantification

compared to other advanced MRI approaches to delineate

the ORs, such as diffusion-weighted MR probabilistic

tractography.46

In conclusion, our study demonstrated more pro-

nounced pRNFL and GCIPL loss in pweMS with an
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increase in OR lesions compared to those with stable OR

lesions. The extent of the increase in OR lesion volume

also correlated with the rate of RGC neuroaxonal damage,

as well as homonymous hemi-macular GCIPL thinning.

Furthermore, whole-brain atrophy is associated with sub-

clinical neuroaxonal damage in the retina over time, inde-

pendent of new or enlarging OR lesions. Future large

multi-centered studies with regular interval longitudinal

OCT and MRI investigations are highly warranted to

establish more concrete evidence regarding the relation-

ship between RGC loss and OR lesion activity throughout

the MS disease course. Additionally, detailed analyses on

OR lesion enlarging rate and the impact of newly emerg-

ing OR lesions over time in association with OCT retinal

changes could elucidate the time course of trans-synaptic

neuropathological processes between posterior visual

pathway inflammatory lesions and retinal pathology

in MS.
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Universitätsmedizin Berlin and Berlin Institute of Health.

S. Asseyer has received speaking honoraria from Alexion,

Bayer, and Roche. S. Motamedi reports no relevant disclo-

sures. J. Bellmann-Strobl has received travel grants and

speaking honoraria from Bayer Healthcare, Biogen Idec,

Merck Serono, Sanofi Genzyme, Teva Pharmaceuticals,

Roche, and Novartis, none of them related to this work. T.
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